This paper describes a simple electrochemical deposition (ED) technique to prepare luminescent and patterned films for light-emitting devices (LEDs). The luminescent films are deposited directly on the patterned ITO (indium tin oxide) electrodes through an oxidation coupling reaction of an electroactive and luminescent precursor. The ED films deposited on the ITO strips (width of 200 µm) exhibit smooth surface morphology (roughness of morphology surface of 3.1 nm), small roughness in electrode edge of 1-2 µm and high fluorescence quantum efficiency (>60%). The LEDs with structure ITO/ED film/Ba/Al show pure blue emission (CIE coordinates of (0.16, 0.07)), high brightness of 3080 cd m −2 and the maximum external quantum efficiency of 0.60%.
(Some figures in this article are in colour only in the electronic version)
Since organic light-emitting devices (OLEDs) with high efficiency were reported by Tang and Van Slyke [1] , many works have been done to deeply understand the basic processes in OLEDs and to commercialize these new display devices. One of the key components in OLED devices is the emitting layer, which is generally prepared by vacuum evaporation and spin-coating. For OLED displays, the patterning of emitting layers with size from ten to a few hundred of µm is the basic requirement. Ink-jet printing [2, 3] and shadow masks [4, 5] are the most common candidates for the active technique in patterning OLEDs. However, these methods do not take advantage of pre-patterned electrodes to pattern the emission colour and require additional steps such as the precise positioning of shadow masks. The high cost is a major problem besides technical problems. There has been great interest recently in the development of patterning technology for display such as lift-off [6, 7] , laser ablation [8] , micromoulding in capillary (MIMIC) [9] [10] [11] and maskless dye diffusion technique [12] . Although a small, monochrome, flatpanel display based on these methods has been demonstrated, all of these techniques are still immature for patterning of LEDs.
Electrochemical deposition (ED) is considered to be a very promising technique for the production of thin polymer films on a conductive substrate. In this technique, the luminescent films can be deposited directly on the patterned ITO (indium tin oxide) electrodes through an oxidation coupling reaction of the electroactive and luminescent precursor. Generally ED films have a very low luminescence efficiency due to structural defects and doped counterions present in the ED films [13] [14] [15] [16] [17] [18] [19] , which strongly quench the fluorescence. Recently, through a structural design of precursor for ED and accurate control over ED quality, we have designed a compound TCPC with high luminescence efficiency (see figure 1) and have resolved the issue of quenching of fluorescence in ED films. In this paper, we report the preparation of micropatterning and the acquirement of highly luminescent film by utilizing the ED method and its electroluminescent properties.
As shown in figure 2(a), ED was performed using a BAS100W electroanalytical system with a homemade threeelectrode arrangement [20, 21] , equipped with a titanium counter electrode, an Ag/Ag + reference electrode and a patterned ITO glass working electrode (the patterned ITO was made by photolithography). The patterned ITO glass has an , the peripheral carbazoles in TCPC can be electropolymerized through the oxidation coupling reaction on the ITO surface which results in the formation of a cross-linked and insoluble ED film on the ITO surface (see figure 2(b) ). The scan from 0.85 V to −0.5 V is important for the formation of high quality films, because in such a negative scan process, the preformed dimeric carbazole cationic species (as scan from −0.5 V to 0.85 V) can be reduced and become neutral. This is the so-called dedoping process, which helps to enhance the luminescence efficiency and morphologic properties of resultant films [20, 21] . The ED films washed with acetonitrile and dried in a vacuum oven give a clean surface after ED to remove unelectropolymerized oligomers. From the image of the patterned ED film ( figure 3(a) ), we can observe the bright blue emission from the ED film using 350 nm UV light. The fluorescence spectra of ED films show a peak wavelength at 426 nm (figure 4). Measured fluorescence quantum efficiencies of the ED films are 60-65% using a calibrated integrating sphere [22] . The surface morphology of the ED film is characterized by AFM (atomic force microscope) ( figure 3(b) ). The roughness of morphology surface is 3.1 nm, which is similar to the film obtained by spin-coating. The thickness of the ED film, using ED conditions such as a scan rate of 400 mV s −1 , 100 scan cycles and a scan range of −0.5-0.85 V, is about 150 nm from the AFM investigation. Changing the ED conditions can control the thickness of this ED film on the ITO surface. The increasing scan cycles and the decreasing scan rate can speed up the growth of the patterned ED film in the same system when other conditions are kept the same. By the comparison at the edge of patterned ITO with the ED film deposited on ITO, the patterned ED films almost keep the clear edge of the patterned ITO. From the inset of AFM image at the edge of ED films, the edge roughness of patterned ED film is 1-2 µm. Such edge roughness of ED films seems better than the current patterning techniques such as ink-jet printing for polymer-based LEDs, which have the edge roughness of ∼16 µm.
First pre-washed with acetonitrile and dried in vacuum oven, the metal cathode Ba/Al is then deposited on films by vacuum evaporation in order to construct a prototype electroluminescent device with a structure of ITO/ED film(80-120 nm)/Ba(5 nm)/Al(200 nm). The electroluminescence (EL) spectra and luminance are recorded by a PR-650 spectrometer. As the forward bias (positive voltage on the ITO electrode) is applied to such devices, the bright blue emission is measured at about 6 V and emission intensities are increased with climbing driving voltage. The EL spectra (figure 4) indicate a pure blue emission from the ED film device with peak wavelength 439 nm and CIE coordinates of (0.16, 0.07). The optimum device achieved the maximum luminescence of 3080 cd m −2 at 14 V and luminous efficiency of 0.35 cd A −1 at 14.5 V ( figure 5(a) ). The external quantum efficiency for this device is 0.60%, which was calculated according to the previous report [23] . We have prepared a series of devices using ED films under different electrochemical conditions: scan cycles, scan rate and scan range. The performance of devices is listed in table 1. It can be seen that the ED conditions strongly affect the electroluminescence. The ED film prepared using a scan rate of 100 mV s −1 , 25 scan cycles and a scan range of −0.5 V and 0.85 V shows better device performance. In addition, we have prepared a series of devices using the spincoating film of TCPC. The spin-coated device with structure (ITO/PEDOT:PSS/TCPC(∼100 nm)/Ba/Al) has maximum luminescence, luminous efficiency and coordinates of Electrochemical deposition of patterning and highly luminescent organic films , 0.69 cd A −1 and (0.16, 0.05), respectively. The external quantum efficiency for this device is 1.89%. In comparison with the device performance of spin-coating, the device prepared using the ED film shows a low external quantum efficiency, which is due to the incomplete dedoped supporting electrolyte and results in high current density and red shift of luminescence. It is possible to improve the performance of this device via optimizing ED conditions, such as supporting electrolyte, electrochemical window, etc. Figure 5 shows that the luminous efficiency of the ED film increases duratively along the climbing voltage and the luminous efficiency of spin-coating film sharply decreases along the climbing voltage. This implies that the devices using ED film have a better stability due to the formation of a crosslinked film after electrochemical deposition, which enhances the stability of morphology.
Herein, we have shown a single-colour patterning of ED films on ITO for the patterning of LEDs. In principle, it can be extended to fabricate the 'RGB (red, green and blue) colour pixel' by controlling the potential on the ITO strip with state 'on' or 'off' and changing the electrolyte cell containing various colour ED precursors. The ED technique could lead to a completely new technology for realization of RGB patterns for the organic/polymer full-colour display because of its simplicity and low cost over the current technologies.
